Environmental factors and susceptible genomes interact to determine the risk of neurodevelopmental disorders. Although few genes and environmental factors have been linked, the intervening cellular and molecular mechanisms connecting a disorder susceptibility gene with environmental factors remain mostly unexplored. Here we focus on the schizophrenia susceptibility gene DTNBP1 and its product dysbindin, a subunit of the BLOC-1 complex, and describe a neuronal pathway modulating copper metabolism via ATP7A. Mutations in ATP7A result in Menkes disease, a disorder of copper metabolism. Dysbindin/BLOC-1 and ATP7A genetically and biochemically interact. Furthermore, disruption of this pathway causes alteration in the transcriptional profile of copper-regulatory and dependent factors in the hippocampus of dysbindin/BLOC-1-null mice. Dysbindin/BLOC-1 lossof-function alleles do not affect cell and tissue copper content, yet they alter the susceptibility to toxic copper challenges in both mammalian cells and Drosophila. Our results demonstrate that perturbations downstream of the schizophrenia susceptibility gene DTNBP1 confer susceptibility to copper, a metal that in excess is a neurotoxin and whose depletion constitutes a micronutrient deficiency.
Introduction
Environmental factors impinge on pre-existing genetic predispositions to specify pathological neuronal traits. For example, the penetrance of neuropsychiatric phenotypes is dissimilar in individuals with identical genomes, suggesting the participation of environmental factors (1, 2) . Schizophrenia is one of these instances where there is only a partial phenotypic overlap between monozygotic twins, yet their offspring share a similar risk for schizophrenia (3, 4) . This has led to the hypothesis that environmental factors strongly modulate the emergence of schizophrenia in subjects with susceptible genomes. Pregnancy and birth complications, paternal age, exposure to xenobiotics, copper, lead, nutritional excesses or deficiencies, oxidative stress and infectious agents have been documented as environmental contributors in epidemiological studies and in genetic animal models of schizophrenia (4) (5) (6) (7) (8) . The study of gene-environmental factor interactions mostly focuses on gene-environment agent pair correlations in neurodevelopmental disorders. However, the intervening molecular mechanisms linking these genes with environmental factors remain mostly unexplored (9) .
Here we focus on the schizophrenia susceptibility gene DTNBP1 and its gene product dysbindin. Dysbindin is part of a larger BLOC-1 complex (biogenesis of lysosome-related complex-1), an octamer to which ∼90% of brain dysbindin belongs (10) (11) (12) (13) . Genetic polymorphisms in DTNBP1 are risk factors for schizophrenia (14) (15) (16) (17) , and post-mortem studies show that the vast majority of schizophrenia brains contain reduced dysbindin (18) (19) (20) . Dysbindin loss-of-function alleles in mice and Drosophila affect synaptic transmission and display schizophrenia endophenotypes, thus indicating that dysbindin and its molecular interactors play fundamental roles in schizophrenia onset/ pathogenesis (11, 14, 15, (21) (22) (23) (24) (25) . To better understand the cellular pathways dysbindin/BLOC-1 is involved in, we took advantage of quantitative proteomics (13) . This approach identified proteins involved in response to environmental insults among proteins sensitive to dysbindin/BLOC-1 deficiency. Key molecules identified were the copper transporter ATP7A and its downstream effector, dopamine beta hydroxylase (DBH), a gene product previously implicated in schizophrenia susceptibility (26) (27) (28) . Loss of function in ATP7A alleles in human and mice results in Menkes disease, an affliction of copper metabolism that reduces DBH activity, and it is dominated by neurodevelopmental phenotypes, which culminate into early childhood neurodegeneration (29) (30) (31) . ATP7A maintains copper homeostasis through interactions with cytosolic complexes that regulate its subcellular localization, including dysbindin/BLOC-1 (32) (33) (34) (35) (36) (37) . The association of the dysbindin-containing BLOC-1 complex with ATP7A suggests that genetic defects in dysbindin/BLOC-1 could confer susceptibility to micronutrients and environmental agents such as copper. We tested this concept here, an idea further supported by a plethora of human studies summarized in the 'copper hypothesis of schizophrenia' (5) .
In this study, we used cell lines, mice and Drosophila carrying diverse loss-of-function alleles or shRNA reagents to understand how disruption in the dysbindin interactome could modulate the susceptibility to environmental agents such as copper. We present evidence of a neuronal dysbindin/BLOC-1-ATP7A-dependent pathway modulating copper metabolism where dysbindin/BLOC-1 resides upstream of ATP7A. However, dysbindin/BLOC-1 disruption does not affect the function of DBH in mouse brain. We characterized this pathway by (i) biochemically identifying an endogenous dysbindin/BLOC-1-ATP7A complex, (ii) demonstrating a concurrent reduction in ATP7A levels in BLOC-1-deficient brains, (iii) defining alterations in the transcriptional profile of ATP7A and related copper-regulatory factors in BLOC-1 deficiencies and (iv) demonstrating an altered susceptibility to toxic copper challenges in dysbindin/BLOC-1 loss of function in cell culture as well as whole organisms. Our results indicate that perturbations downstream of a defect in a schizophrenia susceptibility gene, such as DTNBP1, confer susceptibility to copper, a metal that in excess is a neurotoxin and whose depletion constitutes a micronutrient deficiency. We propose that molecular perturbations downstream of genomic defects associated to schizophrenia risk serve as a convergence point between the genome and the environment to cause neurodevelopmental disorders.
Results

BLOC-1 interacts with copper-sensitive proteins
The role of dysbindin/BLOC-1 in the modulation of cellular copper homeostasis remains largely unexplored. Our focus on copper metabolism stems from our quantitative mass spectrometry data in dysbindin/BLOC-1 downregulated SH-SY5Y human neuroblastoma cells (data not shown). This proteomic study identified two copper-dependent proteins as factors sensitive to dysbindin/BLOC-1 loss of function: ATP7A and DBH. ATP7A encodes a copper transporter, which is upstream of DBH, a copperbinding enzyme necessary for the synthesis of norepinephrine (29, 30) . DBH requires ATP7A for copper loading and activity, suggesting a novel dysbindin/BLOC-1-ATP7A-DBH copper-dependent pathway. This pathway would be reminiscent of the BLOC-1-ATP7A-tyrosinase route in melanocytes (32) . We downregulated dysbindin/BLOC-1 complex subunits to assess whether ATP7A and DBH are sensitive to dysbindin/BLOC-1 expression in SH-SY5Y human neuroblastoma cells. Bloc1s5 (muted) and 6 ( pallidin) shRNAs selectively decreased the total cellular content of ATP7A by ∼30-50% and DBH by ∼50-70% (Fig. 1A and A1 ). To determine whether the DBH dysbindin/BLOC-1 phenotype was solely a consequence of reduced ATP7A content, we downregulated ATP7A using shRNA-mediated knockdown (Fig. 1B and B1 ). Decreasing ATP7A expression increased the levels of DBH 5-fold, which is in contrast to the effects of dysbindin/BLOC-1 downregulation. Dysbindin/BLOC-1 subunit expression was unchanged by downregulation of ATP7A (ATP7A shRNA, Fig. 1B and B1 ; ATP7A null fibroblasts, data not shown). These results indicate that dysbindin/BLOC-1 is upstream in a pathway modulating the expression of ATP7A and DBH.
We determined whether dysbindin/BLOC-1, ATP7A and DBH biochemically interact as an additional test for a shared cellular pathway between these three factors. Immunoprecipitation of endogenous ATP7A from SH-SY5Y neuroblastoma cells coprecipitated endogenous DBH (Fig. 2) . The specificity of the ATP7A-DBH association was determined by out-competition with the ATP7A antigenic peptide and by the absence of transferrin receptor, an abundant membrane protein, from immunoprecipitated ATP7A complexes (Fig. 2 compare lanes 2-3) . We did not detect dysbindin/BLOC-1 subunits in these native complexes. Thus, we used in vivo cross-linking with dithiobis-(succinimidylpropionate) (DSP) before cell extract preparation to overcome weak and transient interactions between ATP7A and dysbindin/BLOC-1 ( Fig. 2B) (12, 38) . We detected interactions between ATP7A, DBH and the BLOC-1 subunits Bloc1s6 ( pallidin) and Bloc1s8 (dysbindin) after DSP cross-linking. The immunoprecipitation of these factors was abrogated by the excess ATP7A antigenic peptide added during immunoprecipitation (Fig. 2B, compare lanes 2-3) . Furthermore, a dysbindin/BLOC-1-ATP7A-DBH association was identified in cell extracts from a FLAG-tagged Bloc1s8-expressing cell line immunoprecipitated with FLAG antibodies (Fig. 2C) (12) . These results demonstrate that dysbindin/BLOC-1-ATP7A-DBH forms a complex, further suggesting that dysbindin/BLOC-1 modulates copper metabolism.
Dysbindin/BLOC-1 deficiency alters transcript levels of copper-sensitive factors Environmental and genetic alterations of cellular copper content modify the transcription of genes involved in copper cytoplasmic chaperoning and buffering as well as genes encoding copper membrane transporters (30, (39) (40) (41) (42) . We hypothesized that if dysbindin/BLOC-1 modulated cellular copper metabolism, then these copper-sensitive transcripts should also be sensitive to dysbindin/BLOC-1 loss of function. We measured transcripts whose expression is sensitive to copper cellular content and cluster into the GO term GO:0005507, which defines gene products capable of copper ion binding (http://amigo.geneontology.org/ amigo/landing) (30) (Fig. 3A) . Transcript levels were determined by qRT-PCR in SH-SY5Y neuroblastoma cells treated with control or Bloc1s6 shRNA ( Fig. 3B and C) ; hippocampi from wild-type and dysbindin/BLOC-1 null mice ( Fig. 3D and E re-expression of wild-type Bloc1s5 cDNA ( Fig. 3F ) (32) . We used as mRNA loading controls the transcripts of the vesicle markers synaptophysin ( Fig 3B, SPHY) and vesicle-associated membrane protein 2 ( Fig. 3D -F, VAMP2). BLOC-1 loss of function was confirmed measuring Bloc1s5, 6 and 8 transcripts. Transcript levels of the Golgi localized metal transporters ATP7A and ATP7B, plasma membrane copper transporter Crt1 (SLC31A) and the copper chaperone Atox 1 were significantly modified by all dysbindin/ BLOC-1 loss-of-function conditions although to a variable extent depending on the cell type. For example, ATP7A mRNA content was increased in the hippocampi of 7-day-old Bloc1s8 sdy/sdy mice ( Fig. 3D , P7) compared with controls. In contrast, ATP7A transcripts were reduced in 50-day-old adult Bloc1s8 sdy/sdy hippocampi ( Fig. 3D, P50 ), BLOC-1-deficient neuroblastoma cells and melanocytes ( Fig. 3C and F). Transcript content of metal buffering metallothioneins ( Fig. 3 ; MT1A, MT2A) and the divalent cation metal transporter 1 (Fig. 3 , SLC11A2) were variably modified by the absence of BLOC-1 complex depending on the cell or tissue analyzed. These results indicate that BLOC-1 deficiency affects diverse molecules involved in copper homeostasis in melanocytes and brain tissue. The reduction of ATP7A and the alterations of diverse molecules involved in copper homeostasis in BLOC-1 deficiency suggest that dysbindin/BLOC-1 loss-of-function mutants could behave just as a hypomorphic ATP7A allele. This hypothesis predicts that the transcripts encoding the ATP7A-sensitive enzymes DBH, peptidylglycine alpha-amidating monooxygenase (PAM), lysyl oxidase (LOX) and superoxide dismutase 3 (SOD3) should be similarly affected in both ATP7A-and Bloc1s6 shRNA-treated cells. We focused on these enzymes as their apoenzymes are loaded at the Golgi complex by ATP7A, and their dysfunction has been strongly implicated in the pathogenesis of Menkes disease (30, 31, 43, 44) . shRNA downregulation of ATP7A in SH-SY5Y neuroblastoma cells significantly increased DBH transcript content while LOX levels were decreased (Fig. 4A ). In contrast, Bloc1s6 shRNA treatment did not affect the transcript content of DBH (Figs. 3C and 4B), and LOX mRNA content was increased instead of reduced (Fig. 4B ). We confirmed these Bloc1s6 shRNA enzyme expression patterns in adult Bloc1s8 sdy/sdy mouse hippocampi ( Fig. 4C ). None of these conditions affected PAM and SOD3 ( Fig. 4A-C) . These results show that dysbindin/BLOC-1 loss-offunction mutants generate molecular phenotypes differing from phenotypes associated to ATP7A loss of function. Therefore, dysbindin/BLOC-1 loss-of-function defects are unlikely to solely be a hypomorphic ATP7A state. The widespread transcript modifications induced by dysbindin/BLOC-1 defects in different cellular systems suggest either that copper homeostasis in dysbindin/BLOC-1 deficiency is compromised or that these transcriptional modifications represent a homeostatic response to maintain a copper metabolism set point. We distinguished between these two hypotheses by measuring the levels of copper and zinc as a control metal in all dysbindin/BLOC-1 loss-of-function models ( Fig. 5A and B) . Furthermore, we reasoned that a copper deficiency would be reflected in the activity of DBH (Fig. 5C asterisk) , a copper-dependent enzyme that catalyzes the conversion of dopamine to norepinephrine (Fig. 5C , DA and NE) (45) . Thus, we measured catecholamines in control and adult Bloc1s8 sdy/sdy hippocampi.
Neither copper content nor the levels of catecholamines were affected by BLOC-1 loss of function (Fig. 5) . Thus, we conclude that dysbindin/BLOC-1 deficiency maintains a copper metabolism set point, an adaptive response, in neuronal cells despite of or by modifying the expression of a network of molecules involved in copper homeostasis.
Impaired physiological response to excess extracellular copper in dysbindin/BLOC-1 deficiency
While cells are able to maintain copper homeostasis, these mechanisms might not be sufficient to cope with increased extracellular levels of copper. ATP7A resides in the Golgi complex and it translocates to the cell surface when cells are challenged with excess toxic extracellular copper (30, 46) . BLOC-1 deficiency could compromise this cell surface ATP7A pool impairing responses to toxic copper. Thus, we performed selective cell surface biotinylation of control and Bloc1s6 shRNA-treated cells either after a 2 h acute treatment with copper-chelated media or media with excess extracellular copper (Fig. 6 ). Surface biotinylated proteins were quantitatively collected from control and Bloc1s6 shRNA-treated cell extracts with streptavidin beads (Fig. 6A) . Protein complexes present in streptavidin beads were immunoblotted for ATP7A and transferrin receptor, the latter a BLOC-1-and copper-independent cargo (47) . Even though BLOC-1-deficient cells responded to copper excess by mobilizing ATP7A to the cell surface, the surface ATP7A pool remained 50% of that in control shRNA cells (Fig. 6 ). This reduced ATP7A surface pool was observed in BLOC-1-deficient cells either incubated in copper-depleted media (Fig. 6B, lanes 5-6) or media with excess toxic copper (Fig. 6B, lanes 7-8; and Fig. 6C ).
In contrast, transferrin receptor surface levels were not modified either by BLOC-1 deficiency, copper challenge or a combination thereof (Fig. 6B-D, TfrR) . These results indicate that dysbindin/BLOC-1-deficient cells sense extracellular copper, yet they have an impaired capacity to respond to a toxic challenge with copper. Dysbindin/BLOC-1 deficiency maintains total cellular copper content despite of or by modifying the expression of copper-regulatory networks (Fig. 3) . However, a dysbindin/BLOC-1 defect reduces the pool of ATP7A at the cell surface after toxic copper challenge. These observations predict that cells and organisms lacking dysbindin/BLOC-1 should have differential susceptibilities to environmental challenges of copper homeostasis mechanisms compared with wild type. We used dysbindin/BLOC-1 null melanocytes (Bloc1s5 mu/mu ) and its control rescued cells to assess cellular susceptibility to toxic concentrations of extracellular copper. Cellular susceptibility to copper was determined measuring the activity of NAD(P)H-dependent oxidoreductase enzymes with the tetrazolium dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)) after acute exposure to increasing concentrations of extracellular copper ( Fig. 7A and B) (48) . BLOC-1 null cells were more susceptible to copper than controls as evidenced by the reduced conversion of MTT to formazan at different supra-physiological copper concentrations ( Fig. 7A and B) . Decreased MTT metabolization was neither due to differences in cell numbers after copper addition (Fig. 7B) nor to direct effect of copper on MTT (not shown).
Our findings predict that in ATP7A and BLOC-1 gene deficiencies, copper feeding should not be toxic due to impaired ATP7A-dependent intestinal copper absorption (30, 49) . ATP7A gene dosage modifies Drosophila responses to toxic copper feeding (50) . Thus, we used Drosophila BLOC-1 mutants to measure susceptibility to dietary challenges to copper homeostasis mechanisms, because flies assemble a dysbindin/BLOC-1 complex and they reliably recapitulate neuronal and systemic phenotypes associated with dysbindin/BLOC-1 genetic defects in mammals (23) (24) (25) . To assess whole animal susceptibility to environmental challenges of copper homeostasis mechanisms, we used three BLOC-1 lossof-function alleles encompassing the orthologs of mammalian Bloc1s1 and 8, blos1 and dysb, respectively. Adult male and female flies were fed with toxic copper concentrations or cisplatin. This compound is an anticancer agent that binds and requires for its biological activity the expression of ATP7A, Atox 1 and SLC31A/Ctr1 (51-54). Importantly, ATP7A, Atox 1 and SLC31A/Ctr1 transcripts are sensitive to BLOC-1 genetic defects (Fig. 3) . Wild-type and dysbindin/BLOC-1 mutant flies fed a control glucose diet were viable for 48 h (Fig. 8A and B , were more resistant than wild-type flies to oral toxic copper irrespective of exposure time and sex (Fig. 8A, Plus Copper, red symbols) . Similarly, the blos1 ex2 and blos1 ex65 alleles also conferred resistance to toxic oral cisplatin, although this phenotype was more pronounced after 24 h of drug exposure (Fig. 8B , Plus Cis-Pt, red symbols). We confirmed these observations analyzing the susceptibility of dysb1 male flies to cisplatin, which were also resistant to this compound (Fig. 8B , Plus Cis-Pt, red symbols). These results indicate that dysbindin/ BLOC-1 deficiency confers differential susceptibility to environmental agents that disrupt copper metabolism demonstrating a broader role of dysbindin/BLOC-1 in copper homeostasis. 
Discussion
Here we describe a previously unrecognized dysbindin/BLOC-1-dependent pathway modulating copper metabolism (Fig. 9) . We focused on neuronal cells to define a mechanism where dysbindin/BLOC-1 resides upstream of ATP7A. In this study, we immunoprecipitated an endogenous dysbindin/BLOC-1-ATP7A complex and shown a concurrent decrease in total and surface ATP7A protein levels in dysbindin/BLOC-1 loss of function (Fig. 9) . Notably, we have described an altered transcriptional profile of not only ATP7A but other copper-regulatory and -dependent factors in the brain and diverse cell systems with impaired dysbindin/BLOC-1 function (Fig. 9 ). In contrast with other mutations impairing copper-regulatory mechanisms, such as in Menkes disease, dysbindin/BLOC-1 deficiency does not alter levels of catecholamines and copper in the brain (29) (30) (31) . These normal copper levels in dysbindin/BLOC-1 deficiencies suggest the existence of an adaptive mechanism that occurs despite of or by modifying the expression of transcripts encoding diverse copper-regulatory factors and copper-dependent secretory enzymes. This hypothesis leads to the prediction that dysbindin/ BLOC-1 genetic defects would alter susceptibility to environmental challenges with copper and cisplatin, phenotypes that we have documented in mammalian cells and Drosophila carrying loss-of-function alleles in dysbindin/BLOC-1 subunits. The convergence of dysbindin/BLOC-1, ATP7A and copper homeostasis suggests that changes in micronutrient availability, environmental exposure to metals or metal chelators could influence neurobehavioral phenotypes associated with dysbindin/ BLOC-1 null alleles in mice as well as polymorphisms affecting DTNBP1. This model predicts a role for copper in neuronal symptomatology characteristic to schizophrenia. Neuronal copper deficit and overload associate with neurobehavioral phenotypes, some of them overlapping with schizophrenia endophenotypes (5). For example, copper chelators, such as cuprizone and disulfiram, modulate behavior such as impaired social interaction, and cuprizone is a common chemical used to model schizophrenia endophenotypes in rodents (55) (56) (57) . Disulfiram can cause by itself psychosis in people with low DBH activity (58) or by interaction with other pharmacological agents, including cocaine (59) (60) (61) (62) (63) . Similarly, disulfiram modifies seeking behaviors for drugs of abuse, a common comorbidity in schizophrenia patients (64, 65) . Accumulation of copper in tissues also causes neuropsychiatric symptoms. This is exemplified by mutations in human ATP7B, which causes Wilson's disease (29, 31 ). Wilson's disease is a copper storage disorder that manifests as psychiatric pathology, including psychosis, in nearly half of patients and often these behavioral abnormalities precede Wilson's disease diagnosis (66, 67) . These psychiatric phenotypes in Wilson's disease can be ameliorated by the use of systemic copper chelation (68) . Notably, ATP7B transcript levels are susceptible to the Bloc1s8 sdy/sdy mutation in hippocampus. Additionally, since the Bloc1s8 sdy/sdy mutation also affects the expression of brain metallothioneins and the divalent metal transporter (Slc11a2), it is possible that cellular responses to clearance of other metals, in addition to copper, may also be impaired in dysbindin/BLOC-1 deficiencies and potentially contribute to neurodevelopmental phenotypes.
The susceptibility to metal exposure via a dysbindin/BLOC-1-ATP7A pathway is likely to be developmentally regulated. This assertion is founded on the effects of the dysbindin/BLOC-1 null allele Bloc1s8 sdy/sdy on the expression of ATP7A and the metallothionein transcripts. Although the expression of these mRNAs is modified in the hippocampus of young and adult animals, the magnitude and direction of change differ with age. For example, ATP7A mRNA is reduced in Bloc1s8 sdy/sdy adult hippo-
campus, yet it is increased in the hippocampus of 7-day-old Bloc1s8 sdy/sdy mice. We chose 7 days as this age corresponds with the peak of hippocampal synaptogenesis in mice (69). We do not know whether this increased ATP7A transcript content observed in Bloc1s8 sdy/sdy young hippocampus is solely in neuronal cells. However, it is of interest to speculate that dysbindin/ BLOC-1 and ATP7A could be differentially modulated by factors required for synaptogenesis, thus changing ATP7A phenotypes in Bloc1s8 sdy/sdy neuronal tissue. In fact, dysbindin/BLOC-1 is necessary for neurite and spine formation (10, (70) (71) (72) . Moreover, copper deficiency induced by ATP7A mutant alleles alters the morphology of dendritic arbors (30) . These data stress possible functional connections between the schizophrenia susceptibility factor dysbindin/BLOC-1, copper homeostasis and synaptogenesis. What metabolic processes could be downstream of a dysbindin/BLOC-1-ATP7A pathway? We propose that dysbindin/BLOC-1 converges on redox metabolism via disregulated copper homeostasis. This concept is supported by the decrease in the levels of peroxiredoxins, enzymes that dispose hydrogen peroxide, that we found in BLOC-1 deficiency in Bloc1s8 sdy/sdy hippocampus and Bloc1s6 shRNA-treated cells (12) . This peroxiredoxin phenotype coincides with increased reactive oxygen species in Bloc1s6 shRNA-treated cells (12) . Impaired responses to oxidative stress and/or decreased antioxidant mechanisms have been documented in schizophrenia affected subjects and animal models of schizophrenia endophenotypes (73) (74) (75) . In fact, glutathione levels are reduced by 50% in the prefrontal cortex of schizophrenia patients (76, 77) . The significance of these findings is supported by the ameliorating effects that N-acetylcysteine, a glutathione precursor, possesses in schizophrenia endophenotypes in rodents and humans (75, 77, 78) . Formation of free radicals, such as the one mediated by metals, could be a hub where diverse genetic and environmental schizophrenia susceptibility factors could converge (79) . Our findings have taken advantage of a genetically susceptible model for schizophrenia pathogenesis. Using the DTNBP1 gene product as a start point, we have delineated a pathway ( Fig. 9 ) that includes ATP7A and its substrate copper, ultimately leading to cellular phenotypes that render cells susceptible to environmental insults. We propose that adaptive modifications in downstream mechanisms associated with schizophrenia risk genes are convergence hubs for genomes and environmental factors common to neurodevelopmental disorders.
Materials and Methods
Antibodies used in this study are listed in Supplementary Material, Table S1 .
Cell culture
SH-SY5Y (ATCC) cells were cultured in Dulbecco's modified Eagle's medium (DMEM) media supplemented with 10% fetal bovine serum (FBS) and 100 μg/ml penicillin and streptomycin (Hyclone) at 37°C in 10% CO 2 . SH-SY5Y cell lines stably transfected with 3x-FLAG Dysbindin were previously described (12) . Cells were maintained in DMEM media supplemented with 10% FBS, 100 μg/ml penicillin and streptomycin, and 0.2 μg/μl neomycin (catalog no. SV30068, Hyclone) at 37°C in 10% CO 2 . Immortal melanocytes were a kind gift from Michael Marks (University of Pennsylvania) and were grown in RPMI 1640 media, 10% FBS, 200 nM TPA, 2 m supplemental glutamine and 100 μg/ml penicillin and streptomycin (Hyclone) at 37°C in 10% CO 2 (80) .
BLOC-1 and ATP7A knockdowns
For shRNA-mediated knockdowns, shRNA in a pLKO. 
Mice and qRT-PCR
Mouse strains and procedures are detailed in Larimore et al. 2014 (81) . Primer sets are described in Supplementary Material, Table S2 .
Immunoprecipitation
To assess interactions between ATP7A, BLOC-1 subunits and DBH, we performed immunoprecipitation experiments either using the ATP7A antibody or the FLAG antibody as previously described. Briefly, untransfected SH-SY5Y cells or SH-SY5Y cells stably transfected with FLAG dysbindin were placed on ice, rinsed twice with phosphate-buffered saline (PBS). The cells were then rinsed twice with PBS and lysed in buffer A (150 m NaCl, 10 m HEPES, 1 m EGTA and 0.1 m MgCl 2 , pH 7.4) with 0.5% Triton X-100 and Complete anti-protease (catalog #11245200, Roche), followed by incubation for 30 min on ice. Cells were scraped from the dish, and cell homogenates were centrifuged at 16 100 g for 10 min. The clarified supernatant was recovered, and at least 500 μg of protein extract was applied to 30 μl Dynal magnetic beads (catalog no. 110.31, Invitrogen) coated with antibody (5 μl of ATP7A antibody or 1 μl of FLAG antibody) and incubated for 2 h at 4°C. In some cases, immunoprecipitations were done in the presence of the antigenic 3x-FLAG peptide (340 μ; F4799, Sigma) or antigenic ATP7A peptide (100 μ; custom made from Biosynthesis Inc., Lewisville, TX, USA) as a control. Antigenic ATP7A peptide corresponds to amino acids 42-61 (Uniprot accession number Q04656). The beads were then washed 4-6 times with buffer A with 0.1% Triton X-100. Proteins were eluted from the beads with sample buffer. Samples were resolved by SDS-PAGE and contents analyzed by immunoblot. In some cases, we used cross-linking in intact cells with DSP as previously described (12, 37, 38) . Cells were initially incubated either with 10 m DSP (Pierce) or as a vehicle control DMSO, diluted in PBS for 2 h on ice. Tris, pH 7.4, was added to the cells for 15 min to quench the DSP reaction. Following this step, cell lysis and immunoprecipitation was performed as described above.
Surface labeling and streptavidin pulldowns
Surface biotinylation and streptavidin pulldowns were performed as described before except for the following modifications (37) . After 14-day treatment with scramble or ATP7A-targeted lentiviruses, plates of confluent SH-SY5Y cells were moved to an ice bath and washed two times with warm PBS. Cells were then incubated at 37°C in DMEM media containing either 200 μ bathocuproinedisulfonic acid (BCS) (B1125 Sigma) or 200 μ copper chloride for 90 min. At the end of 90 min, we added an equal volume of DMEM with either 200 μ BCS or 200 μ copper chloride and 100 μg/ml cycloheximide. The cells were then kept at 37°C for an additional 30 min. After this treatment, the cells were treated as described (37) . After the strepatividin pulldown, samples were analyzed by SDS-PAGE followed by immunoblot.
MTT assay
Melanocytes were collected and seeded in a 96-well plate at a density of 2.5 × 10 3 cells/well in DMEM + 10% FBS +100 U/ml penicillin, 100 μg/ml streptomycin and 200 n TPA and incubated overnight. On Day 2, cells were treated with 0-300 μ CuCl 2 in Hanks' Balanced Salt Solution (Sigma) + TPA (Sigma). After incubation at 37°C for 1 h, 20 μl 5 mg/ml MTT (Life Technologies) was added to each well, and the plates were incubated for an additional 3.5 h at 37°C. MTT was aspirated, 150 μl DMSO was added and cells were agitated on an orbital shaker for 15 min. The absorbance was read at 595 nm using a microplate reader. Each condition was carried out in quadruplicate, and MTT absorbance was expressed as percentage absorbance of untreated cells.
Catecholamine measurement by HPLC
Levels of dopamine (DA), norepinephrine (NE), serotonin (5-HT) and 3,4-dihydroxyphenylacetic acid (DOPAC) were quantified using high-performance liquid chromatography coupled with coulometric detection using procedures similar to those described previously (64) . Briefly, frozen tissue samples were initially prepared by adding 200 μl of ice-cold 0.1 N perchloric acid containing 0.04% sodium metabisulfite and then centrifuged at 16 100 g for 10 min at 4°C. A 50 μl aliquot of each sample was placed into a 200 μl conical sample vial and loaded into a refrigerated autosampler (G1329A, Agilent Technologies, Santa Clara, CA, USA), which injected 15 μl of each sample onto an Ultrasphere ODS 250 × 4.6 mm column, 5 μm (Beckman Coulter, Fullerton, CA, USA) at a constant flow rate of 1.0 ml/min using a mobile phase consisting of 0.1 m ethylenediaminetetraacetic acid, 0.8 m sodium octyl sulfate, 20 m phosphoric acid and 5% acetonitrile ( pH 2.6). Separated analytes were detected and quantified using a Coulochem III detector (ESA Inc., Chelmsford, MA, USA), a high sensitivity analytical cell (channel 1, −150 mV; channel 2, +300 mV; model 5011A, ESA Inc.), and a guard cell (+400 mV; model 5020, ESA Inc.). A set of standards containing experimenter-prepared concentrations of DA, NE and DOPAC (50-1000 n) were analyzed in duplicate along with experimental samples. ChemStation chromatography software (Agilent Technologies) generated chromatograms for each sample analyzed and calculated area under the curve for each peak. Standards were used to generate a standard plot (area under the curve versus analyte concentration) from which the estimated concentration in experimental samples was extrapolated.
ICP-MS determination of copper and zinc levels
Mouse and cell lysates from wild-type and BLOC-1-deficient samples were prepared as follows. Lysis was performed in a buffer with PBS, complete anti-protease and 0.5% ultra-pure Triton-X-100 (Sigma, Catalog number: 93443). The homogenate was then sonicated and kept on ice for 30 min. Cell homogenates were then centrifuged at 16 100 g for 10 min. The clarified supernatant was recovered and analyzed by inductively coupled plasma mass spectrometer (ICP-MS) at the Center for Applied Isotope Studies at the University of Georgia (http://cais.uga.edu/analytical_services/ chemical_analysis/services.htm) and at the Barr laboratory at the School of Public Health at Emory University.
Drosophila strains, husbandry and feeding
Flies were raised in a 12 h light:dark cycle at 25°C on standard cornmeal food. Drosophila strains were previously described (25) . For copper feeding, adult male and virgin female flies were aged 2-16 days. Flies were starved for 3 h and then fed either a 1 m CuSO 4 , 5% glucose solution or a 5% glucose solution placed on a Whatman glass microfiber filter disk. Survival was assayed every 24 h. For cisplatin feeding, adult male and virgin female flies were aged 7-17 days. Flies were starved for 6 h and then fed either a 400 μg/ml cisplatinum, 5% glucose solution or a 5% glucose solution placed on a Whatman glass microfiber filter disk. Survival was assayed every 24 h as described in Podratz et al. (82) .
Statistics
Experimental conditions were compared using Synergy Kaleida-Graph, version 4.5.2 (Reading, PA, USA), or StatPlus Mac Built5.6.0pre/Universal (AnalystSoft, Vancouver, Canada).
Supplementary Material
Supplementary material is available at HMG online.
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